Postmeiotic Unfertilized Starfish Eggs Die by Apoptosis  by Yűce, Őzlem & Sadler, Kirsten C
Developmental Biology 237, 29–44 (2001)
doi:10.1006/dbio.2001.0361, available online at http://www.idealibrary.com onPostmeiotic Unfertilized Starfish Eggs Die
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Fertilization of starfish eggs during meiosis results in rapid progression to embryogenesis as soon as meiosis II is completed.
Unfertilized eggs complete meiosis and arrest in postmeiotic interphase for an, until now, indeterminate time. If they
remain unfertilized, the mature postmeiotic eggs ultimately die. The aim of this study is to characterize the mechanism of
death in postmeiotic unfertilized starfish eggs. We report that, in two species of starfish, in the absence of fertilization,
postmeiotic interphase arrest persists for 16–20 h, after which time the cells synchronously and rapidly die. Dying eggs
extrude membrane blebs, undergo cytoplasmic contraction and darkening, and fragment into vesicles in a manner
reminiscent of apoptotic cells. The DNA of dying eggs is condensed, fragmented, and labeled by the TUNEL assay. Taken
together, these data suggest that the default fate of postmeiotic starfish eggs, like their mammalian counterparts, is death
by apoptosis. We further report that the onset and execution of apoptosis in this system is dependent on ongoing protein
synthesis and is inhibited by a rise in intracellular Ca21, an essential component of the fertilization signaling pathway. We
propose starfish eggs as a useful model to study developmentally regulated apoptosis. © 2001 Academic Press
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MINTRODUCTION
Embryogenesis is the anticipated outcome of fertiliza-
tion; however, the fate of mature unfertilized eggs has
received slight attention. In humans, it is commonly ac-
cepted that the day of ovulation is the most fertile day of a
woman’s cycle, while insemination on the day following
ovulation rarely results in a successful pregnancy (World
Health Organization, 1983; Wilcox et al., 1995), suggesting
that an ovulated human egg ages rapidly, loosing the ability
to give rise to a vital conceptus within 24 h of ovulation.
Aging postovulatory mammalian eggs have been shown to
have an increase in chromosomal anomalies (Eichenlaub-
Ritter et al., 1986; Ford et al., 1996; Mailhes et al., 1998;
O’Neill and Kaufman, 1988), yet the processes that contrib-
ute to the chromosomal defects and other factors effecting
developmental potential remain unidentified.
Programmed cell death, or apoptosis, is a critical devel-
opmental process by which superfluous or aberrant cells are
eliminated (Meier et al., 2000), and has been identified as an
important mechanism in regulating female reproduction in
1 To whom correspondence should be addressed. Fax: 9-0212-
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All rights of reproduction in any form reserved.rosophila, Caenorhabditis elegans, and mammals (De Pol
t al., 1998; Gumienny et al., 1999; Matova and Cooley,
001; Morita and Tilly, 1999). Apoptosis is an active process
hich, in some cases, requires transcription and translation
f new proteins, whereas, in other cell types, a latent death
achinery is activated by a signal transduction pathway.
rogrammed cell death can be divided into three general
tages: initiation (signaling), regulation, and execution.
hile the signals vary from cell type to cell type and may
riginate either externally or from an internal developmen-
al cue, the central players in the regulation and execution
tages are conserved from worms to human. The regulatory
nd execution mechanisms are well understood, yet many
uestions remain about how cell-specific apoptosis pro-
rams are activated, especially in developmental processes
uch as gamete formation and function.
The role of apoptosis in the female gamete life cycle has
een most extensively studied in mammals, despite the
ifficulty in obtaining and culturing sufficient quantities of
he oocytes and eggs. Three stages of the mammalian egg
ife cycle are regulated by apoptosis, two occurring in the
vary (preovulatory) and one after ovulation (postovulatory;
orita and Tilly, 1999; Tilly, 1996). Oogenesis is at its peakuring early fetal life, after which the number of oocytes
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30 Yu˝ce and Sadlerprecipitously declines. For instance, a human female fetus
contains her maximum number of oocytes at 20 weeks of
gestation (Baker, 1963). During pre- and postnatal life, more
than 99% of oocytes are eliminated by two preovulatory
apoptotic mechanisms—preantral death and follicular
atresia—and by the end of sexual maturity (menopause) the
ovary is virtually devoid of oocytes (see Coucouvanis et al.,
1993; Matova and Cooley, 2001; Morita and Tilly, 1999;
Perez et al., 1999a; Ratts et al., 1995; Tilly et al., 1991).
Follicular atresia is the process of eliminating the preovu-
latory oocytes that are selected to mature during the hor-
monal cycle, but are not selected for ovulation. Studies in
mice indicate that follicular atresia is due to apoptosis
(Asselin et al., 2000; Morita et al., 1999; Tilly et al., 1991).
Finally, in vitro studies have shown that, if a postovulatory
mouse egg is not fertilized within 24 h, it will undergo
programmed cell death (Fujino et al., 1996; Morita et al.,
1999, 2000; Perez et al., 1999b, 2000; Perez and Tilly, 1997).
Although in vitro studies in mammals must be interpreted
in light of the fact that mammalian postovulatory eggs
naturally age internally and the culture conditions may
influence the egg fate (Van Blerkom and Davis, 1998),
postovulatory egg viability is likely to be inversely related
to its developmental capacity. Importantly, fertilization of
aged postovulatory mouse eggs decreases pregnancy rate,
gestation length, litter size, and increases perinatal death,
growth-retardation, and development of some complex neu-
ronal functions (Tarin et al., 1999). Therefore, there is great
interest in understanding egg apoptosis in relation to failed
conception and birth defects.
A wealth of knowledge about the basic apoptotic machin-
ery has been gleaned from studies with classical model
systems such as C. elegans and Drosophila, yet relatively
few studies in these organisms address the relationship
between apoptosis and female gametes, and those that do
focus on oogenesis but do not address the fate of the
unfertilized mature egg. Similarly, apoptotic Xenopus egg
extracts have been an invaluable tool for identifying and
characterizing many key apoptotic molecules in vitro
(Kornbluth, 1997; von Ahsen and Newmeyer, 2000); how-
ever, the females from which these eggs are obtained are
hormonally manipulated so that the eggs are presumably
primed for preovulatory elimination by a process analogous
to follicular atresia, and therefore do not reflect postovula-
tory egg fate. Thus, we sought to investigate the fate of
mature, unfertilized eggs in starfish, where oocyte matura-
tion and egg aging naturally occur externally, maturation is
rapid and synchronous, and the copious amount of large,
hearty, and transparent cells are amenable to experimental
manipulation and microscopy.
Starfish oocytes are stored in the ovary arrested at the
G2/M border of meiosis I. An unknown environmental
ignal results in release of the starfish oocyte mitogen,
-methyladenine (1-MA), by the follicle cells surrounding
he oocytes and 1-MA triggers oocyte maturation and
pawning. Within 30 min post hormone addition (PHA) at
5–23°C, the oocytes of most starfish species undergo w
Copyright © 2001 by Academic Press. All righterminal vesicle breakdown (GVBD) and within a few
ours, both meiotic cell cycles are complete and if unfer-
ilized, the eggs arrest in postmeiotic interphase. Anytime
ollowing GVBD, fertilization can activate the block to
olyspermy, reception of the sperm pronuclei and activa-
ion of the mitotic cell cycle following meiosis, and, hence,
rom this point on, the cells are called eggs. The optimum
indow for fertilization is during meiosis I and fertilization
f postmeiotic eggs usually results in polyspermy (Fujimori
nd Hairai, 1979). The outcome of fertilized aged starfish
ggs or the fate of the unfertilized postmeiotic starfish egg
as not been reported.
Here, we report that, while immature starfish oocytes can
e maintained viable in culture for several days, postmei-
tic eggs from several species of starfish synchronously and
apidly die in less than 24 h PHA. The morphological
haracteristics of death include breakdown of the maternal
ro-nucleus, membrane blebbing, cell shrinking due to
ytoplasmic contraction, and a change in cell transparency
nd color from translucent golden to opaque dark brown.
he dying eggs ultimately fragment into vesicles and dis-
erse. The DNA of dying eggs is highly condensed and
ragmented, and labels with the TUNEL assay. The features
f dying postmeiotic eggs are identical to oocytes dying due
o UV radiation. Taken together, these results indicate that
he default fate of unfertilized starfish eggs is to die by
poptosis. Newly synthesized proteins are required for both
he onset and execution of egg apoptosis and a rise in
ntracellular Ca21, a central component of the fertilization
signaling pathway, is capable of averting the eggs from the
default death process. This is the first report to our knowl-
edge of apoptosis in a mature egg from an invertebrate, and
we suggest starfish eggs as a useful system to study this
process.
MATERIALS AND METHODS
Animal Maintenance and Gamete Collection,
Culture, and Stimulation
Asterias rubens and Marthasterias glacialis were collected regu-
arly from the European shore of the Bosphorus and from Sivri
sland in the Sea of Marmara during their breeding season (May–
eptember). Animals were maintained at 13–19°C in an aerated
quarium containing circulating natural seawater obtained from
he Bosphorus. The specific gravity of the Bosphorus water is 1.013
nd therefore artificial seawater used for oocyte culture was pre-
ared at the same density. Ca21-free sea water (CFSW) contained
305.49 mM NaCl/63 mM KCl/16.04 mM MgCl2/17.83 mM
MgSO4/1.5 mM NaHCO3 and artificial sea water (ASW) contained
95.8mM NaCl/63 mM KCl/6.48 mM CaCl2/16.04 mM MgCl2/
17.83 mM MgSO4/1.5 mM NaHCO3.
Ovaries from ripe females were removed, minced finely with a
azor blade, and the oocytes were obtained by incubating minced
varies in 100 ml ice-cold CFSW. The oocytes were separated from
he ovary fragments by filtration through two layers of cheesecloth
nd settled three times through 100–400 ml CFSW on ice. Oocytes
ere washed three to five times with 200–400 ml ASW or
s of reproduction in any form reserved.
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31Apoptosis of Starfish EggsMillipore filtered natural seawater on ice and then resuspended at
a density of 1000–1500 cells/ml in ASW at 18°C. Oocytes were
used on the same day of isolation and only batches with ,15%
ead cells were used. When possible, repeat experiments were
arried out with oocytes from different females. Since most of the
xperiments were performed towards the end of the A. rubens
eproductive season (April–May) and during the peak of the M.
lacialis reproductive season (June–September), with the exception
f Fig. 2, all results are from experiments using M. glacialis oocytes
re shown.
Oocytes were stimulated by the addition of 1 mM 1-MA (Sigma
Chemicals) made as a 1-mM stock in water and stored at 220°C.
Sixty minutes after stimulation, the oocytes were scored for GVBD,
an indicator of meiosis re-entry, and only those batches with .85%
GVBD were used. Since it has been reported that adding high
concentrations of 1-MA to postmeiotic eggs can activate them
(Picard and Doree, 1983), 1-MA was washed out of the cell culture
at 60 min PHA by diluting the cells with a greater than 100-fold
excess ASW or Millipore filtered natural seawater. Meiotic progres-
sion was monitored by observing the extrusion of polar bodies.
Cells were incubated overnight with 50 mg/ml gentamycin. Unless
otherwise noted, all experiments were carried out at 18°C.
UV Irradiation
A 3- to 5-ml suspension of freshly isolated oocytes at 1000–3000
cells/ml was placed in a petri dish and exposed to 14.38 J/cm2 UV
rradiation. The oocytes were washed with ASW or Millipore
ltered natural seawater and incubated overnight at 18°C at a
ensity of 1000–1500 cells/ml with 50 mg/ml gentamycin. This
treatment resulted in .40% cell death after overnight incubation,
although the percent death varied with oocyte batch. Since DNA
damage is a virtually universal activator of apoptosis (Kulms and
Schwarz, 2000), we attribute UV-irradiated oocyte death to apopto-
sis.
Apoptosis Assays
Three assays were carried out to ascertain whether unfertilized
eggs were dying by apoptosis. Live and fixed cells were visualized
by using a Zeiss Axioscope 2 microscope equipped with a fluores-
cence attachment. All images were obtained with a 163 water
immersion lens. Images were captured and processed by using Isis
V Software package (Metasystems, Alttussheim, Germany) and
Adobe Photoshop 5.5.
Morphology. The timing of cell death following 1-MA stimu-
lation was assayed by morphological appearance of the eggs which
strongly resembles the classic signs of apoptotic eggs (Kerr et al.,
1972). Dying cells lost their pronucleus, underwent a color change
from translucent golden to dark brown, exhibited membrane bleb-
bing, and eventually fragmented into membrane-bound vesicles
(Fig. 1). The pronucleus of M. glacialis eggs was only observable in
some batches of cells while in eggs from other species it is distinct.
Therefore, observation of pronuclear breakdown cannot be used as
a universal feature of egg death. The following criteria were used to
distinguish dead from viable cells using light microscopy on live
cells. Eggs without membrane blebs covering .95% of the cell
surface and a contracted, completely dark brown cytoplasm were
scored as dead (Fig. 1, cells with asterisk), whereas cells only
exhibiting some features, such as membrane blebs, but not a color
change (Fig. 1, cells without asterisk) were scored as viable.
DNA fragmentation. Cells were fixed in 2% paraformaldehyde
for 1–2 h and washed twice with ASW. The last washing step w
Copyright © 2001 by Academic Press. All rightcontained 10 mg/ml Hoechst 33342 (Sigma) to stain the DNA.
Following Hoechst staining, the cells were washed once with ASW
and stored in 80% EtOH/ASW at 4°C until processing for fluores-
cence microscopy or for the TUNEL assay.
TUNEL assay. Fixed cells were processed for detecting frag-
mented DNA by the terminal deoxynucleotidyl transferase method
(TUNEL assay) using a kit purchased from Oncogene Research
Products (Boston, MA) according to the manufacturer’s instruc-
tions, with the exception that twice the recommended amount of
enzyme was used (3 ml per reaction) and the reaction time was
extended from 1.5 to 3 h.
Pharmacological Treatments
To inhibit protein synthesis, a stock concentration of 1 mM
emetine (Sigma Chemicals) was added to obtain a final concentra-
tion of 100 mM. Emetine was added at the following time points: (1)
postmeiotic cells, when .50% of the eggs had emitted the second
polar body, between 3 and 4 h PHA; (2) preapoptotic cells, at 16 h
PHA, which was the latest time point in all experiments in which
,10% of the eggs exhibited any apoptotic morphology; (3) mid-
apoptotic eggs, designated as the earliest time in which the percent
of dead eggs began to increase, and .50% of the eggs exhibited
membrane blebbing (19–21 PHA); (4) late-apoptotic eggs, in which
.50% of the eggs had undergone apoptosis and 100% of the viable
cells exhibit membrane blebbing (23–24 h PHA).
For unknown reasons, We were unable to achieve normal em-
bryonic development in more than 20% of fertilized eggs from any
M. glacialis female. Therefore, to mimic the fertilization-induced
Ca21 influx, eggs were treated with ionomycin (Sigma) at a final
concentration of 50 mg/ml. This treatment resulted in elevation of
the vitelline membrane in .79% of the cells within 10 min of
addition, indicating that the eggs had undergone cortical granule
exocytosis, a hallmark of the initial stages of egg activation.
Ionomycin was added to eggs either during meiosis I or II (60–120
min PHA), to postmeiotic eggs (3–7 h PHA) and to pre- and
midapoptotic eggs (Table 1).
RESULTS
Full-grown immature starfish oocytes stimulated with
the hormone 1-MA rapidly and synchronously re-enter the
meiotic cell cycle and, within a few hours posthormone
addition (PHA), arrest as interphase eggs. Mature eggs can
be fertilized anytime following germinal vesicle break
down (GVBD), and if fertilized during the meiotic divisions
or within a few hours after completion of meiosis II, they
rapidly progress to embryogenesis (Meijer and Guerrier,
1984). If, however, the mature eggs are not fertilized, we
observed that they die during overnight culture, in contrast
to unstimulated oocytes, which are routinely maintained
viable in culture for more than 48 h after isolation. The aim
of this study is to characterize unfertilized postmeiotic
starfish egg death.
In order to better understand the death process in starfish
eggs, we observed postmeiotic eggs from M. glacialis by
ight microscopy. Unstimulated oocytes and mature eggs
re perfectly spherical, with a uniform cytoplasm and a
ell-demarcated cell surface (Figs. 1A and 1B). As the eggs
s of reproduction in any form reserved.
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32 Yu˝ce and Sadlerdie, we observed three striking changes in cell morphology
that appear sequentially during the death process (Figs.
1C–1E). First, the cell shape and architecture changes. The
cell surface becomes bumpy and irregular due to the extru-
sion of membrane blebs (Figs. 1C and 1D). Second, the dying
cells change color and the cytoplasm contracts resulting in
shrunken, opaque, dark brown cells (Figs. 1E amd 1F).
Viable oocytes and eggs are translucent, light golden in
color and the dense yolk platelets give a homogeneous,
grainy appearance (Figs. 1A–1C). In contrast, the contracted
cytoplasm of dying eggs becomes opaque and dark brown
(Figs. 1E–1G, cells marked with an asterisk). The color
change and opacity differences are not observable in fixed
cells (data not shown). Third, in the final stages of death,
the cells fragment into vesicles. The debris indicated by
arrowheads in Figs. 1E and 1F, which is absent in cultures
containing mostly viable cells, is the result of cell fragmen-
tation as can be observed in these two fragmenting cells.
Oocyte death can be invoked by a variety of agents,
including cell lysis induced by injury and programmed cell
death induced by DNA damage. We compared the morphol-
FIG. 1. Postmeiotic eggs and UV-irradiated oocytes show a simil
oocytes were either 1-MA-treated or UV-irradiated, then incubated o
microscopy with 163 magnification. Cells marked by asterisks we
(GV, germinal vesicle). (B) Postmeiotic eggs are spherical with a unif
are visible in the egg on the left (arrow). (C) At early stages of t
contraction is observed. (D) At middle stages, cytoplasmic darkenin
At late stages, the cytoplasm becomes completely dark, is highly con
is from fragmented eggs. The beginning of fragmentation is eviden
after exposure. The death process is not as synchronous in UV-irrad
it is possible to observe cells at various stages of death. Note the Gogy of postmeiotic eggs with oocytes dying due osmotic 1
Copyright © 2001 by Academic Press. All righttress or DNA damage induced by UV irradiation. Exposing
ocytes to hypertonic solutions result in rapid (seconds to
inutes) cytoplasmic contraction followed by cell lysis,
eaving a clear cell ghost (data not shown). In contrast,
ocytes exposed to 14.38 J/cm2 UV irradiation appear un-
hanged during the first 4–6 h following exposure, but die
uring overnight culture, with the maximum percent cell
eath by 20–30 h after exposure. Oocytes dying in response
o UV irradiation show breakdown of the GV, membrane
lebbing, cytoplasmic contraction and darkening, and cell
ragmentation. In a sample taken 19 h after irradiation, we
bserved cells at various stages of cell death (Figs. 1G and
H) which were very similar to dying postmeiotic eggs.
hus, we conclude that postmeiotic eggs and UV-irradiated
ocytes die by a process that is distinct from death due to
njury. Moreover, the phases of death in starfish eggs are
eminiscent of the classical signs of apoptosis (Kerr et al.,
972), are distinct from paraptosis, the recently identified
onapoptotic form of programmed cell death (Sperandio et
l., 2000). Significantly, dying postmeiotic starfish eggs
esemble apoptotic postovulatory mouse eggs (Fujino et al.,
rphology after overnight incubation. Freshly isolated M. glacialis
ight at 18°C with gentamycin. Live samples were observed by light
red as dead in our morphological assay. (A) Unstimulated oocytes
cytoplasm and a well-demarcated cell surface. The two polar bodies
eath process, membrane blebbing, and beginning of cytoplasmic
toplasmic contraction, and membrane blebbing are apparent. (E, F)
ted, and cells begin to fragment. The debris in surrounding the cells
ells marked with an arrowhead. (G, H) UV-irradiated oocytes 19 h
cells as it is in postmeiotic eggs; therefore, at any given time point,
as broken down in dying oocytes.ar mo
vern
re sco
orm
he d
g, cy
trac
t in c
iated996; Morita and Tilly, 1999; Perez and Tilly, 1997).
s of reproduction in any form reserved.
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33Apoptosis of Starfish EggsThe membrane blebbing and color change observable
with light microscopy of live samples provide an easy and
reproducible assay for distinguishing viable from nonviable
cells (Fig. 1, compare cells with and without asterisk). We
used this morphological assay to score cells as dead (bleb-
bing membrane, contracted cytoplasm and opacity, and
color change in .50% of the cytoplasm) or viable in order to
further characterize the death process in postmeiotic star-
fish eggs.
Postmeiotic Cell Death Is Rapid and Synchronous
in Eggs from Both M. glacialis and A. rubens
At 16–18°C, 1-MA-stimulated M. glacialis and A. rubens
ggs synchronously proceed through and complete meiosis
I by 3–4 h PHA, as evidenced by the extrusion of two polar
odies and formation of the pronucleus, which is visible in
. rubens, but less so in M. glacialis eggs. To determine the
ime course of postmeiotic egg death, we observed postmei-
tic M. glacialis and A. rubens eggs and scored them for
ercent of cell death as a function of time based on the
orphologic criteria described above.
Until 16 h PHA, eggs of both species appeared spherical
nd golden and were 100% viable (Figs. 2A and 2C). Be-
ween 16 and 19 h PHA, membrane blebs became apparent
n many cells. In an average of seven experiments with M.
lacialis, the earliest time point at which the percent dead
ells began to increase (Tonset) was 19 h PHA. The time when
0% of the culture was dead (death50) was 22 h PHA and the
opulation reached the maximum death percent (Tmax) by
6 h PHA (Fig. 2A). While there is variation between
atches of oocytes in the precise timing of Tonset, death50,
nd Tmax, the mean death50 is 165 min and mean Tmax is 6 h
from Tonset for M. glacialis eggs at 18°C (Fig. 2B).
In light of the fact that postmeiotic egg behavior varies
from species to species, i.e., some species of starfish (includ-
ing M. glacialis) undergo postmeiotic DNA replication
(Fisher et al., 1998; Picard et al., 1996) while others do not
Sadler and Ruderman, 1998; Tachibana et al., 1997), we
were interested in determining whether postmeiotic egg
death was a cross-species phenomenon. Although the DNA
replication status in postmeiotic A. rubens eggs is not
known, the fact that both species occupy the same habitat
in the Sea of Marmara and have separate, but overlapping,
reproductive seasons (O˝.Y. and K.C.S., unpublished data),
llowed us to investigate whether postmeiotic egg death
ccurs in different species.
We observed in 4/4 experiments using oocytes from three
ifferent females, A. rubens eggs also undergo rapid and
ynchronous death during the postmeiotic period (Fig. 2C).
he morphology of dying A. rubens eggs is identical to M.
lacialis eggs, with the exception that the pronucleus of A.
ubens eggs is visible in most batches of cells, and can be
bserved to breakdown and become dark in advance of
ytoplasmic darkening, and it remains darker than the
ytoplasm in dead cells (data not shown). A. rubens eggs
ature slightly faster than M. glacialis at 18°C, and also
Copyright © 2001 by Academic Press. All rightave an earlier Tonset and death50 18°C (Fig. 2 shows a death
ime course at 16°C for A. rubens and at 18°C for M.
lacialis). The same process occurs in Astropecten arancia-
us eggs (K.C.S, O˝.Y., and A. Picard, unpublished data).
hese data indicate that, in at least three species of starfish,
he default fate of unfertilized postmeiotic eggs is regulated
ell death.
FIG. 2. Death is rapid and synchronous in postmeiotic M. glacia-
lis and A. rubens eggs. For each time point, at least 100 cells were
counted; bars indicate the standard deviation from the mean. (A)
Time course of cell death averaged from seven separate experi-
ments using oocytes from different M. glacialis females. Cells were
incubated with (F) or without (E) 1-MA at 18°C. At 22 h PHA, 50%
of the cells were scored as dead and labeled as death50. (B) Tonset is
the time point after which the percent cell death rapidly increases,
and is chosen as the zero time point. Data are averaged from nine
different experiments with oocytes from different females (includ-
ing the seven data from A). Death50 is 165 min after Tonset. (C) Time
of meiosis completion was determined as . 50% of the cells had
extruded polar body II. A. rubens cells were incubated at 16°C.
Data are representative of 3/4 experiments using oocytes from
different females.One possible explanation for a synchronous and rapid
s of reproduction in any form reserved.
a34 Yu˝ce and Sadlerdeath could be that stimulated cells may secrete some
substance causing neighboring cells to die. Oocyte metab-
olism increases following stimulation (Houk, 1974; Meijer
and Guerrier, 1984) and it is conceivable that the increase in
metabolic by-products could be toxic to cells in co-culture.
We tested this hypothesis by incubating cells at various
densities (300–1000 cells/ml), by washing the cells during
culture with fresh ASW and by observing the fate of GV
oocytes co-cultured with postmeiotic eggs.
Neither a low cell-density culture (Fig. 3A) nor changing
the ASW (data not shown) decreased the rate or percent of
death in cells cultured at 18°C. In fact, in 2/3 experiments,
the eggs cultured at low density had a slightly earlier Tonset
and death50 than those at 1000 cells/ml (Fig. 3A).
In order to determine whether the kinetics of cell death is
temperature-dependent, we stimulated eggs at 18–20°C,
allowed them to complete meiosis, and then transferred
them to 4, 18, or 22°C and scored the percent dead cells as
FIG. 3. Postmeiotic egg death temperature-dependent and density
or without 1-MA at 18–22°C until meiosis completion (indicated
the indicated temperatures (4, 18, 22°C) or diluted to 300–500 cells/
are average of three separate experiments using oocytes from diffe
(1:10 ratio) for 28 h at 18°C and the Hoechst-stained DNA was ob
The oocytes remain viable and arrested in G2 of meiosis I while the
fragmented DNA is indicated by the asterisk.a function of time. Eggs and oocytes incubated at 22°C have
Copyright © 2001 by Academic Press. All rightn earlier Tonset and died well in advance of those at 18°C,
while eggs and oocytes incubated at 4°C remained viable for
up to 72 h (Fig. 3A). We also noted that when the eggs kept
at 4°C overnight were returned to 18°C, they died with
kinetics similar to those continuously cultured at 18°C
(data not shown), suggesting the low temperature arrested,
but did not inactivate the death process.
We asked whether dying eggs could induce death in
oocytes by co-culturing them for up to 30 h. We found
that while 100% of the eggs died, all of the oocytes in
co-culture remained viable. Figure 3B is a representative
image of an oocyte that was co-cultured with 1-MA-
stimulated cells for 28 h. During the co-culture, the
oocyte remained viable while the stimulated cells under-
went death and cytolysis (asterisk indicates a highly
fragmented egg). Moreover, in many experiments, a small
percentage of the oocytes did not respond to 1-MA and
therefore did not mature. In each of these experiments,
pendent. (A) Oocyte culture of 1000 cells/ml were incubated with
trusion of polar body II in .50% of the cells), then transferred to
low density) and scored for cell death as a function of time. Results
animals. (B) Oocytes were co-cultured with 1-MA-stimulated eggs
d in fixed cells by fluorescence microscopy at 163 magnification.
ulated cells underwent death and cytolysis. A dead egg with highly-inde
by ex
ml, (
rent
serve
stimthe mature eggs died while the unresponsive oocytes
s of reproduction in any form reserved.
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35Apoptosis of Starfish Eggsdid not. Thus, cell death is unlikely to be attributable to
the culture conditions and is specific for postmeiotic
eggs.
Based on the observations that postmeiotic egg death is
rapid, synchronous, temperature-dependent, and indepen-
dent of culture conditions, we conclude that it is a regulated
process.
Postmeiotic Eggs Die by Apoptosis
It has been reported that in vitro aged postovulatory
mouse eggs die by apoptosis, a process that presumably
reflects the fate of unfertilized eggs in vivo (Fujino et al.,
1996; Perez et al., 1999b; Perez and Tilly, 1997; Tarin et al.,
1998). We assessed whether the cell death we observed in
FIG. 4. Dying starfish eggs contain condensed and fragmented DN
Hoechst 33342 and examined with fluorescent microscopy at 163 m
in the same experiment. (A) G2-arrested oocyte with partially cond
0 min PHA in anaphase of meiosis I with condensed, separating c
elaxed DNA, indicative of interphase. (D) 19 h PHA. The DNA is
ragmented. These cells are likely to be in the early to middle stages
ne cell is intact, while the cell indicated with asterisk is undergoi
nd fragmented DNA. (G) 19 h after UV irradiation, 40% of the oocy
H) UV-irradiated oocyte after 24 h of incubation shows condensed
rradiation, some of the oocytes are in the late stages of death witunfertilized starfish eggs is also due to apoptosis by using
Copyright © 2001 by Academic Press. All rightwo definitive apoptosis assays: DNA fragmentation and
he TUNEL assay.
The nucleus and DNA in apoptotic cells is condensed and
he DNA fragments into nucleosomal units with a distinc-
ive morphology (Kerr et al., 1972; Robertson et al., 2000).
In order to examine the DNA in healthy and dying starfish
oocytes and eggs, we obtained fixed samples of control and
UV-irradiated oocytes, cells in meiotic M-phase and post-
meiotic eggs, stained the DNA with Hoechst 33342, and
examined them with fluorescent microscopy. As a positive
control, we also UV-irradiated a mammalian cell strain (rat
Mu¨ller cells) and observed all the classic hallmarks of
apoptosis, including condensed, fragmented DNA identical
to the DNA of irradiated oocytes and dying eggs (data not
shown).
hallmark of apoptosis. DNA in fixed cell samples was stained with
ification. Cells in (A)–(C) and (D)–(F) are from different time points
d chromosomes in the GV (indicated by white arrows). (B) Eggs at
osomes. (C) Postmeiotic egg at 5 h PHA. The pronucleus contains
ly condensed and in some cells (arrowheads) the DNA is slightly
eath. (E) 22.5 h PHA eggs. Two cells with highly fragmented DNA.
tosolic destruction. (F) 25 h PHA egg containing highly condensed
o not have a GV, and these oocytes contain highly condensed DNA.
htly fragmented DNA, a classic sign of apoptosis. (I) 24 h after UV
hly fragmented DNA and vesiculated cytoplasm.A, a
agn
ense
hrom
high
of d
ng cy
tes d
, sligUnstimulated oocytes arrested in prophase of meiosis I
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36 Yu˝ce and Sadlerhave partially condensed chromosomes, observable as thin
and irregularly shaped spots dispersed throughout the GV
(Fig. 4A). As the cells proceed through meiosis, the chro-
mosomes condense and undergo two rounds of division (Fig.
4B illustrates an egg in anaphase of meiosis I). Following
meiosis II, starfish eggs arrest in interphase and form a
pronucleus containing relaxed DNA (Fig. 4C).
FIG. 5. Postmeiotic eggs with fragmented DNA also labeled by TU
DNA; (B, D, F, H) TUNEL labeling of the same cell. (A, B) Unstimu
the GV in (A), is also visible as a green circle in (B). In this cell, the
and are therefore not visible as individual dots. (C, D) UV-irradiate
PHA arrested in interphase with relaxed DNA. (G, H) Dying postmAs the eggs age, the DNA becomes condensed and begins
Copyright © 2001 by Academic Press. All righto fragment and, in many experiments, as the eggs aged, the
NA morphology in the population became very heteroge-
eous. We observed multinuclear cells, parthenogenically
ctivated eggs, and some with large, brightly staining nu-
lei. After Tonset the majority of the eggs contained con-
ensed DNA or the DNA was not visible. In samples
ollected between Tonset and death50, we observed cells with
assay, a definitive assay for apoptosis. (A, C, E, G) Hoechst-stained
d oocyte with GV. The nucleolus, which is seen as a blue circle in
ally condensed chromosomes have clustered around the nucleolus
cyte after overnight incubation. (E, F) Viable postmeiotic egg 18 h
ic eggs, 24 h PHA.NEL
late
parti
d oocondensed and slightly fragmented DNA (Fig. 4D). The
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37Apoptosis of Starfish EggsDNA in samples taken between death50 and Tmax was highly
ragmented (compare Figs. 4D and 4E in samples taken at 19
nd 22.5 h PHA, respectively), and cells that had vesicu-
ated cytoplasm also had extensive DNA fragmentation
Fig. 4E, asterisk; Fig. 4F) or the DNA was not visible. We
bserved DNA patterns similar to those shown in Fig. 4 in
/6 separate experiments with M. glacialis; however, the
ercent of cells with fragmented DNA at a given time point
aried from experiment to experiment, rendering quantifi-
ation impossible. The DNA dying postmeiotic eggs from
. aranciacus was similar (K.C.S. and A. Picard, unpub-
ished data).
The DNA morphology of UV-irradiated oocytes is indis-
inguishable from dying postmeiotic eggs. Within 15–25 h
f irradiation, the GV of dying eggs disappears and the DNA
ecomes highly condensed (Fig. 4G) and fragmented (Figs.
H–4I), while the viable eggs remain in G2 arrest with
partially condensed chromosomes. The DNA of dying UV-
irradiated oocytes and unfertilized eggs appears identical to
the DNA in UV-irradiated rat Mu¨ller cells (data not shown)
and to the classical description of DNA in apoptotic cells
(Kerr et al., 1972)
The TUNEL assay, in which a labeled nucleotide is added
onto the 39OH termini that are generated during DNA
cleavage in apoptosis, is routinely used as a definitive assay
for apoptosis. The DNA in viable oocytes is not labeled
with the TUNEL assay (Figs. 5A and 5B) while the frag-
mented DNA in UV-irradiated oocytes labels brightly (Figs.
5C and 5D). Similarly, viable postmeiotic eggs arrested in
interphase as evidenced by their DNA configuration (Fig.
5E) are not labeled (Fig. 5F), whereas the fragmented DNA
in dying eggs labeled with the TUNEL assay (Figs. 5G and
5H), indicating death by apoptosis. Annexin V binds to cells
which have phosphatidyl serine transferred to the outer
leaflet of the plasma membrane, which is an early step in
apoptosis and annexin V binding to cells with an intact
plasma membrane is routinely used as an apoptosis assay.
We observed that oocytes did not bind annexin V, but that
viable, aging postmeiotic eggs bound annexin V (K.C.S. and
C. Akc¸ali, unpublished data), further supporting the hy-
pothesis that postmeiotic eggs are apoptotic.
The cellular morphology, DNA fragmentation, TUNEL
labeling of DNA specifically in dying cells, and the rapid
kinetics of the death process in postmeiotic eggs support
the hypothesis that postmeiotic, unfertilized starfish eggs,
like their mammalian counterparts, die by apoptosis.
Apoptosis of Postmeiotic Eggs Requires Newly
Synthesized Proteins
To gain insight into the mechanism of postmeiotic egg
apoptosis, we asked whether this process is dependent on
new protein synthesis by adding the protein synthesis
inhibitor, emetine, to egg cultures at various times after
meiosis II completion and scoring them for the appearance
of apoptotic cells as a function of time.We first asked whether new protein synthesis during the p
Copyright © 2001 by Academic Press. All rightntire postmeiotic period was required for apoptosis by
dding emetine to egg cultures with at least .50% second
olar body emission (3–4 h PHA, which does not interfere
ith meiosis completion) and scoring cell death as a func-
ion of time. In 12/12 experiments, we found that while
onemetine-treated eggs rapidly and synchronously under-
ent apoptosis (death50 5 23 h PHA), 98% eggs which were
treated with emetine at 3–4 h PHA remained viable during
this time period (Fig. 6A, and Table 1), indicating that
blocking protein synthesis in the early postmeiotic period
results in complete inhibition of apoptosis. Interestingly,
none of the morphological features of apoptosis was ob-
served in the emetine-treated cells, indicating that new
protein synthesis is required for all morphological changes
accompanying apoptosis.
We determined the time interval during the postmeiotic
period in which the proteins required for apoptosis are
synthesized by adding emetine at three time points during
apoptosis, indicated as vertical arrows in Fig. 6B. (1) “Pre-
apoptotic” is the latest time point at which, in all experi-
ments, less than 10% of the eggs exhibit any cellular
changes associated with the apoptosis; (2) “midapoptotic”
is designated as Tonset, the earliest time point in which an
ncrease in the percent of dead eggs is recorded; and (3)
late-apoptotic” is anytime between death50 and Tmax.
The preapoptotic time point was determined to be 16 h
PHA for all experiments. Emetine addition to preapoptotic
eggs completely blocked apoptosis onset in 8/8 separate
experiments (Table 1; Fig. 6B). Emetine addition to mid- (21
h PHA) and late apoptotic eggs (23 h PHA) halted the
increase in the percent of dead cells, while the untreated
cells progressed through death50 and Tmax at 23 and 25 h,
espectively. In a separate experiment, emetine addition at
very late time point, with .80% apoptosis did not prevent
he remaining 20% of cells from completing the death
rocess (data not shown). These data suggest that protein
ynthesis is required for both the initiation as well as the
xecution stages of apoptosis of postmeiotic eggs, but that
ggs at very late stages have passed a point of no return.
imilar results have been obtained from experiments with
. rubens and A. aranciacus (O˝.Y., K.C.S., and A. Picard,
npublished data).
We observed that preapoptotic emetine addition pre-
ented the cytoplasmic changes accompanying cell death
nd asked whether blocking protein synthesis also pre-
ented DNA condensation and fragmentation. Postmeiotic
nterphase eggs in the pre- and midapoptotic periods con-
ain relaxed, faintly staining DNA (Fig. 6C, upper panel). In
id- and late apoptotic times (21–24 h PHA), the DNA in
he majority of cells is condensed and fragmenting (see Fig.
). However, eggs treated with emetine at 16 h PHA and
xed at 23 h PHA contained relaxed DNA (Fig. 6C, lower
anels), indicating that they remained in interphase arrest.
t 23 h PHA, when the sample in Fig. 6C was taken, 64%
f the nonemetine-treated cells had undergone apoptosis
ompared to 2% of the treated cells. These data suggest that
roteins produced during the preapoptotic period are re-
s of reproduction in any form reserved.
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38 Yu˝ce and Sadlerquired for the onset cell death and that ongoing protein
synthesis is required for the execution phases of egg death.
A Rise in Intracellular Calcium during Meiosis
Blocks Apoptosis
If unfertilized postmeiotic eggs are programmed to un-
FIG. 6. Apoptosis in postmeiotic eggs requires ongoing protein s
completion as indicated by .50% polar body II extrusion, and the
epresent average values of seven separate experiments using oocy
he mean. (B) Emetine was added to postmeiotic cell cultures a
ate-apoptotic (–M–, 23 h PHA) time points, and addition times
xperiments. (C) Bright-field (left panels) and DNA (right panels) im
metine) at 18 h PHA. At this time point, this culture had 16% apo
HA and fixed at 23 h PHA, at which point apoptosis was observed
auses the cells to appear flatter and the color change associated wdergo apoptosis, we reasoned that since fertilization results t
Copyright © 2001 by Academic Press. All rightn formation of a viable embryo, it must somehow prevent
he intrinsic maternal apoptotic program. A rise in intra-
ellular Ca21 is a crucial feature of the fertilization signaling
pathway, and is both necessary and sufficient for activation
of starfish eggs (Jaffe et al., 2001; Stricker, 1999). Using a
Ca21 ionophore such as ionomycin, it is possible to mimic
esis. Oocytes were stimulated with 1-MA, monitored for meiosis
cubated with (M) or without (F) 100 mM emetine at 18°C. Points
om different females. Error bars indicate standard deviation from
apoptotic (-M-, 16 h PHA), early-apoptotic (-f-, 21 h PHA), and
dicated by the vertical arrows. Data are representative of three
of fixed eggs. Top panels show control cells (1-MA-stimulated, no
s. Bottom panels show a cell that was treated with emetine at 16 h
% of the emetine-treated and 64% of untreated. Note that fixation
eath is not observable in fixed samples.ynth
n in
tes fr
t pre
are in
ages
ptosi
in 2his signal, resulting in elevation of the fertilization enve-
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39Apoptosis of Starfish Eggslope, egg activation, and development through the bipinea
larval stage (Chiba and Hoshi, 1989). We asked whether a
rise in intracellular Ca21 was sufficient to block apoptosis
y treating meiosis I and postmeiotic, pre-, and early
poptotic eggs with ionomycin and scoring them for apo-
tosis as a function of time.
The optimum period for fertilization of starfish eggs is
uring meiosis I, between GVBD and extrusion of the first
olar body, which for M. glacialis eggs at 18°C, this corre-
ponds to 25–100 min PHA in our hands (F. Hamaratog˘lu
nd K.C.S., unpublished data). To ask whether a rise in
ntracellular Ca21 during meiosis (the optimum time for
fertilization) affects egg programmed cell death, 50 mg/ml
ionomycin was added during meiosis I (60–90 min PHA). In
4/4 experiments, ionomycin treatment during meiosis re-
sulted in .79% fertilization envelope elevation. Many cells
underwent abnormal cell division, resulting in a cluster of
loosely coherent “cells,” some with multiple nuclei, some
anuclear. For reasons which are presently unclear but may
be due to species specific differences in response to iono-
phore treatment or the precise timing of ionophore appli-
FIG. 7. A rise in intracellular calcium blocks apoptosis. Ionomyc
ndicating there is a rise in the concentration of intracellular Ca21
points PHA (--1.5 h or --16 h, indicated by vertical arrows) to eg
cells were scored for apoptosis at each data point. (B) Cells from ex
fixed at 24 h PHA, and then analyzed with the TUNEL assay. The eg
DNA which does not label with the TUNEL assay.cation, none of the ionomycin-treated cells, nor cells fertil-
Copyright © 2001 by Academic Press. All rightzed at the same time points, underwent normal embryonic
evelopment. Nevertheless, ionomycin addition during
eiosis completely inhibited onset of postmeiotic apopto-
is (Table 1 and Fig. 7).
We next asked whether a rise in intracellular Ca21 in
preapoptosis eggs affects apoptosis. Ionomycin treatment at
16 h PHA completely prevented apoptosis (Fig. 7A; open
triangles). In 3/4 separate experiments, ionomycin addition
to early-apoptotic eggs inhibited apoptosis (Table 1). Iono-
mycin addition to pre-early and late apoptotic eggs fre-
quently caused many cells to leak their cytoplasmic con-
tents and become transparent, floating cell corpses. We
observed this primarily in cells that had already advanced to
the late stages of apoptosis. Finally, cells at the terminal
stages of cell death which had vesiculated, completely
dispersed upon ionomycin addition, rendering them un-
countable and accounting for the apparent decrease in the
percent of dead cells following ionomycin treatment (Fig.
7A). Inhibition of apoptosis by ionomycin was confirmed by
the TUNEL assay performed on cells treated with ionomy-
cin during meiosis I (90 min PHA) and fixed at 24 h PHA,
0 mg/ml) resulted in fertilization envelope elevation (arrow in B),
Ionomycin was added to 1-MA-stimulated cells at different time
18°C. Data are representative of three experiments in which 100
ent shown in (A) that were treated with ionomycin at 1.5 h PHA,
ve elevated their fertilization envelope (arrow) and contain relaxedin (5
. (A)
gs at
perim
gs hawhen 0% of the treated, and 64% of untreated controls, had
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40 Yu˝ce and Sadlerundergone apoptosis (Fig. 7B). Based on these data, we
conclude that a rise in intracellular Ca21 concentration,
ven when it is not capable of activating the full develop-
ental program, is sufficient to block the onset of apoptosis
n postmeiotic starfish eggs.
The data from all experiments with emetine and ionomy-
in from different batches of oocytes and different animals
re tabulated in Table 1. For each experiment, we assessed
hether the treatment blocked the onset of apoptosis or
revented a further increase in the percent of dead cells in
he population until the time that the control cells reached
max. Emetine addition to postmeiotic and preapoptotic eggs
inhibited apoptosis in 100% of the experiments, while
addition to early- and midapoptotic eggs blocked apoptosis
progression in 80 and 50% of the experiments, respectively.
Ionomycin addition during meiosis prevented apoptosis
onset in 100% of the experiments and addition to postmei-
otic, preand midapoptotic eggs resulted in apoptosis inhibi-
tion in 83, 75, and 33% of the experiments, respectively.
DISCUSSION
We have found that the default fate of unfertilized eggs
from at least three species of starfish (M. glacialis, A.
rubens, and A. aranciacus) is to undergo postmeiotic death
by apoptosis. The death process is characterized by break-
down of the pronucleus, membrane blebbing, cytoplasmic
contraction and darkening, DNA condensation and frag-
mentation, and, ultimately, cell fragmentation. The pro-
nucleus can be clearly observed in A. aranciacus eggs, and,
in this species, pronuclear breakdown is the first morpho-
logical event in the death process. Using a morphological
assay, we observed that unfertilized egg death is synchro-
nous and rapid, with the percent of dead cells in the
population increasing from 0 to 100% in 6 h. Both initiation
and execution of cell death in this system are dependent on
ongoing protein synthesis, indicating that several stages of
this process are dependent on newly made protein(s) or
proteins with a short half-life. Successful fertilization can
block apoptosis as evidenced by the formation of a new
organism, and we show that a rise in intracellular Ca21, a
TABLE 1
Number of Experiments in which Apoptosis Was Inhibited by Em
Meiosis I/II
(1–2 h PHA)
Postmeiotic
(3–7 h PHA)
Emetine N.D. 100% (12/12)
Ionomycin 100% (4/4) 83% (5/6)
Note. The percent of experiments in which the addition of em
recorded, with the total number of experiments for each treatment
inhibit apoptosis if it blocked the onset or prevented further increas
N.D. 5 not done.central component of the fertilization signaling pathway, is t
Copyright © 2001 by Academic Press. All rightufficient to block apoptosis. This is the first report to our
nowledge of apoptosis of postmeiotic eggs of an inverte-
rate, and we present starfish eggs as an attractive system to
tudy both the basic apoptotic machinery as well as egg cell
ate.
Starfish Eggs as a Model System to Study Egg
Apoptosis
Xenopus egg extracts have proved fruitful for identifying
cell-specific signals as well as fundamental regulatory and
execution apoptosis machinery (Evans and Kornbluth,
1998; Kluck et al., 1997a,b; Newmeyer et al., 1994; Smith et
l., 2000; Thress et al., 1998, 1999). Starfish eggs share
any of the features that make Xenopus eggs useful for
hese studies, for a large quantity of homogenous eggs that
ynchronously undergo apoptosis can be obtained easily
rom both organisms. However, in contrast to the Xenopus
gg in vitro system, starfish eggs are amenable to investi-
ation of egg apoptosis in vivo. Another important differ-
nce between these two systems is that apoptotic Xenopus
xtracts are made from eggs obtained from females that
ave been hormonally primed to induce egg maturation,
nd then prevented from laying so that the eggs are presum-
bly programmed to be eliminated by preovulatory atresia.
his is physiologically different from postmeiotic starfish
ggs that undergo apoptosis as their default fate if not
ertilized. Nonetheless, it is possible that the molecules
egulating vertebrate egg atresia also play a role in postmei-
tic egg death in starfish since many apoptotic regulators
re functionally conserved in metazoans.
Studies in C. elegans and Drosophila have addressed the
ole of cell death during oogenesis (for review, see Matova
nd Cooley, 2001), but none have investigated the relation-
hip between apoptosis and the fate of the mature egg,
ence our study is the first to report this phenomenon in an
nvertebrate. There is comparatively greater knowledge
bout mammals, where it is clear that apoptosis plays a
ajor role at several stages in the mammalian egg life cycle
Morita and Tilly, 1999). Despite the many differences
etween mammalian and starfish egg life cycles, there are
everal parallels and thus starfish provides a practical sys-
or Ionomycin Treatment at Given Time Point
Preapoptotic
(16 h PHA)
Midapoptotic
(19–22 h PHA)
Late-apoptotic
(23–24 h PHA)
100% (8/8) 80% (4/5) 50% (1/2)
75% (3/4) 33% (1/3) N.D.
e or ionomycin at the indicated time points blocks apoptosis is
n in parenthesis. In each experiment, treatment was considered to
he percent of dead cells. Data from 44 experiments were tabulated.etine
etin
give
e in tem in which to study this process. First, in both mammals
s of reproduction in any form reserved.
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41Apoptosis of Starfish Eggsand starfish, oocyte preparation, maturation, and release
occur cyclically and critical phases in this cycle involve
apoptosis. In mouse and human, oocytes are stockpiled
during prenatal life and in each reproductive cycle in the
adult, a few oocytes are chosen to mature and a subset of
these are released, while starfish annually renew, mature
and spawn their entire oocyte stock, recapitulating the
entirety of the mammalian female reproductive cycle each
year. Second, in each mammalian cycle, several oocytes are
chosen to mature and then only a subset—as few as one egg
in humans—is ovulated. Those that are not ovulated un-
dergo preovulatory death by follicular atresia (for review,
see Morita and Tilly, 1999). In a comparable situation, we
observed that, if ripe M. glacialis and A. rubens females are
prevented from spawning by maintaining them at low
temperatures, the full-grown oocytes in the ovary are
resorbed by a process resembling apoptosis (O˝.Y. and K.C.S.,
npublished data). Finally, if the mature egg from either
rganism is fertilized soon after release, it rapidly develops
nto an embryo, but if the egg is not fertilized, the default
ate of the aged egg is death by apoptosis (this study and
ujino et al., 1996; Morita et al., 1999, 2000; Perez et al.,
999b, 2000; Perez and Tilly, 1997). Therefore, although the
eproductive behaviors of mammals and starfish differ, it is
ossible that the mechanisms underlying female fertility
re similar so that studies of starfish egg apoptosis may lend
nsight into this process in mammals.
The Role of Newly Synthesized Proteins and
Fertilization in Regulating Starfish Egg Apoptosis
Since starfish eggs are amenable to observation of apopto-
sis in vivo, we relied on a morphological assay that scored
cells for entry into the final stages of cell death. This
allowed us to ask whether protein synthesis is necessary for
either the onset of apoptosis, by adding emetine to preapop-
totic eggs, or for the execution stage of apoptosis, by adding
emetine to early and late apoptotic eggs. Interestingly,
blocking protein synthesis in pre, early- and late-apoptotic
eggs prevented onset or advance of the death process,
suggesting that some proapoptotic protein(s) may be syn-
thesized during the postmeiotic period, and that this pro-
tein(s) may function in the signaling or regulation as well as
the execution stages of apoptosis. Alternatively, an inhibi-
tor model may be invoked, where eggs contain an intrinsic
death pathway that is blocked by the presence of an
anti-apoptotic molecule. A newly synthesized protein(s)
during the postmeiotic period could somehow inactivate
this inhibitor, revealing the latent death pathway.
Support for the inhibitor model comes from studies with
early Xenopus embryos, which contain a maternally en-
oded latent apoptotic mechanism that is held in check by
n inhibitor, also of maternal origin (Anderson et al., 1997;
ensey and Gautier, 1997; Stack and Newport, 1997). The
nhibitor is degraded during the midblastula and early-
astrula transition and is supplanted by a zygotically tran-
cribed inhibitor (Hensey and Gautier, 1997; Stack and
Copyright © 2001 by Academic Press. All rightewport, 1997). Smith et al. (2000) have recently shown
hat the cell cycle regulator, Wee1, is a proapoptotic factor
n Xenopus egg extracts and they propose that Wee1 maybe
art of the maternal proapoptotic machinery, although a
andidate inhibitor has not yet been identified. It will be of
nterest to determine the pattern of protein synthesis in
re-, early, and late-apoptotic starfish eggs in order to
dentify candidate regulators and to investigate the possi-
ility that Wee1 has proapoptotic activity in this system.
As fertilization leads to embryogenesis, it must be able to
uppress or inactivate the default apoptotic program. A rise
n intracellular Ca21 is a universal feature of the fertiliza-
ion signaling pathway and is necessary and sufficient for
he block to polyspermy and entry into the mitotic cell
ycle in most animals (Jaffe et al., 2001). Here, we identified
third function of the fertilization induced Ca21 rise:
blocking the onset of apoptosis. We found that while
addition of the Ca21 ionophore, ionomycin, to eggs at all
ime points results in elevation of the fertilization enve-
ope, yet its ability to block apoptosis decreases as the egg
ges. Interestingly, meiosis I is the time in which ionomy-
in addition was most effective at blocking apoptosis and
his corresponds to the optimum period for fertilization
Table 1; Fujimori and Hairai, 1979). This raises the possi-
ility that, while Ca21 can activate the pathway leading to
the fertilization envelope elevation at multiple time points,
it can only block apoptosis in an egg that is developmen-
tally competent.
We have incorporated our data into the working model
presented in Fig. 8. We hypothesize that 1-MA stimulation
of immature oocytes initiates multiple events, including
activation of MPF and re-entry into the meiotic cell cycle,
development of fertilization competency, and an apoptotic
program which is dependent on new protein synthesis. If
the egg is successfully fertilized, the rise in intracellular
Ca21 leads to the block to polyspermy, mitotic cell cycle
ctivation, and blocks the intrinsic maternal apoptosis
echanism. It has not yet been established whether there is
n interdependent relationship between the different 1-MA
riggered events or whether a maternal molecular clock
icks off the postmeiotic time towards death, but it is clear
hat the Ca21-mediated events are activated independently.
What Is the Significance of Postovulatory/
Postmeiotic Egg Death?
In mice, a delay of less than 24 h between ovulation and
insemination significantly decreases fertilization rates and
increases both parthenogenic activation and fetal abnor-
malities (Tarin et al., 2000). Aged postovulatory mouse eggs
have an increase in chromosomal anomalies and partheno-
genesis and fertilization of these eggs results in develop-
mental defects ranging from complete embryo resorption to
gross neural deformities to sensory and motor abnormali-
ties in the resulting offspring (Mailhes et al., 1998; Simp-
son, 1978; Tarin et al., 1999, 2000). It is therefore apparent
that postovulatory processes occurring in the egg have a
s of reproduction in any form reserved.
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42 Yu˝ce and Sadlersignificant effect on development. It is tempting to specu-
late that with increasing time postovulation, the ability of
fertilization to inhibit the apoptotic process is reduced,
resulting in abnormal or aborted development. The fact that
unfertilized postovulatory eggs from mouse (Fujino et al.,
996; Perez et al., 1999b; Perez and Tilly, 1997; Tarin et al.,
1998) and postmeiotic eggs from three species of starfish
undergo regulated cell death suggests that this phenomenon
is not limited to a subset of the animal kingdom, and may
be a general mechanism for eliminating eggs with decreased
reproductive potential (Fujino et al., 1996; Takahashi et al.,
2000; Tarin et al., 1999, 2000).
In humans, it is well known that coitus on the day
following ovulation rarely, if ever, results in a successful
pregnancy. A study that used biochemical assays to pre-
cisely document the day of ovulation and accurate record-
ing of the incidence of intercourse in healthy women
attempting to become pregnant found that 100% of the
pregnancies resulted from insemination that occurred
within a 6 day window, ending on the day of ovulation,
with the peak fertility on the day of ovulation and the one
preceding (Wilcox et al., 1995). This indicates that human
sperm retains reproductive capacity up to six days after
FIG. 8. A model for starfish egg fate. 1-MA can trigger several
events, including entry into the meiotic cell cycle, development of
fertilization competency, and new protein synthesis that is re-
quired for apoptosis of unfertilized postmeiotic eggs. Cell death is
therefore the default egg fate. Fertilization can divert the egg to the
alternative fate of embryogenesis by creating a rise in intracellular
Ca21. This activates multiple responses, including the block to
polyspermy, entry into the mitotic cell cycle, and blocking the
maternal apoptosis program. The fertilization responses are not
interdependent.ejaculation, while the egg has a comparatively short win-
Copyright © 2001 by Academic Press. All rightow in which it may be successfully fertilized. In a similar
cenario, the short period between GVBD and the end of
eiosis I is the optimum time for fertilizing starfish eggs
Fujimori and Hairai, 1979). It is tempting to speculate that
he optimum window for fertilizing mammalian and star-
sh eggs is inversely related to activation of the egg’s
ntrinsic apoptotic program, and, in such a case, develop-
ental failure could be attributed to the inability of fertili-
ation to adequately avert the egg from its default death
ate.
ACKNOWLEDGMENTS
We thank the Bosphorus University Diving Club, who tirelessly
collected the animals used in our studies, Fisun Hamaratog˘lu who
contributed to several of the experiments, and Andre´ Picard, who
provided encouragement, valuable discussions, and participation in
the A. aranciacus experiments. We also wish to thank Can Akc¸ali
for discussions and annexin V assay, members of the Sadler lab for
enthusiasm and support, and Kuyas¸ Bug˘ra and Ahmet Koman for
critically reading this manuscript. This work was supported by
grants from the Bosphorus University Research Fund and The
Turkish Scientific and Technical Research Counsel (TU˝BITAK
00T049) (to K.C.S.).
REFERENCES
Abrieu, A., Fisher, D., Simon, M. N., Doree, M., and Picard, A.
(1997). MAPK inactivation is required for the G2 to M-phase
transition of the first mitotic cell cycle. EMBO J. 16, 6407–
6413.
Anderson, J. A., Lewellyn, A. L., and Maller, J. L. (1997). Ionizing
radiation induces apoptosis and elevates cyclin A1-Cdk2 activity
before but not after the midblastula transition in Xenopus. Mol.
Biol. Cell 8, 1195–1206.
Asselin, E., Xiao, C. W., Wang, Y. F., and Tsang, B. K. (2000).
Mammalian follicular development and atresia: Role of apopto-
sis. Biol. Signals Recept. 9, 87–95.
Baker, T. (1963). A quantitative and cytological study of germ cells
in human ovaries. Proc. R. Soc. Lond. B Biol. Sci. 158.
Chiba, K., and Hoshi, M. (1989). Three phases of cortical matura-
tion during meiosis reinitiation in starfish oocytes. Dev. Growth
Diff. 31, 447–451.
Coucouvanis, E. C., Sherwood, S. W., Carswell-Crumpton, C.,
Spack, E. G., and Jones, P. P. (1993). Evidence that the mecha-
nism of prenatal germ cell death in the mouse is apoptosis. Exp.
Cell Res. 209, 238–247.
De Pol, A., Marzona, L., Vaccina, F., Negro, R., Sena, P., and
Forabosco, A. (1998). Apoptosis in different stages of human
oogenesis. Anticancer Res. 18, 3457–3461.
Eichenlaub-Ritter, U., Chandley, A. C., and Gosden, R. G. (1986).
Alterations to the microtubular cytoskeleton and increased dis-
order of chromosome alignment in spontaneously ovulated
mouse oocytes aged in vivo: An immunofluorescence study.
Chromosoma 94, 337–345.
Evans, E., and Kornbluth, S. (1998). Regulation of apoptosis in
Xenopus egg extracts. Adv. Enzyme Regul. 38, 265–280.
Fisher, D., Abrieu, A., Simon, M. N., Keyse, S., Verge, V., Doree,
M., and Picard, A. (1998). MAP kinase inactivation is required
s of reproduction in any form reserved.
FF
F
G
H
H
J
K
43Apoptosis of Starfish Eggsonly for G2-M phase transition in early embryogenesis cell cycles
of the starfishes Marthasterias glacialis and Astropecten aran-
ciacus. Dev. Biol. 202, 1–13.
ord, J. H., Wilkin, H. Z., Thomas, P., and McCarthy, C. (1996). A
13-year cytogenetic study of spontaneous abortion: Clinical
applications of testing. Aust. N. Z. J. Obstet. Gynacol. 36,
314–318.
ujimori, T., and Hairai, S. (1979). Differences in starfish oocyte
susceptibility to polyspermy during the course of maturation.
Biol. Bull. 157, 249–257.
ujino, Y., Ozaki, K., Yamamasu, S., Ito, F., Matsuoka, I., Hayashi,
E., Nakamura, H., Ogita, S., Sato, E., and Inoue, M. (1996). DNA
fragmentation of oocytes in aged mice. Hum. Reprod. 11, 1480–
1483.
umienny, T. L., Lambie, E., Hartwieg, E., Horvitz, H. R., and
Hengartner, M. O. (1999). Genetic control of programmed cell
death in the Caenorhabditis elegans hermaphrodite germline.
Development 126, 1011–1022.
ensey, C., and Gautier, J. (1997). A developmental timer that
regulates apoptosis at the onset of gastrulation. Mech. Dev. 69,
183–195.
ouk, M. S. (1974). Respiration of starfish oocytes during meiosis,
fertilization, and artificial activation. Exp. Cell Res. 83, 200–206.
affe, L. A., Giusti, A. F., Carroll, D. J., and Foltz, K. R. (2001). Ca21
signaling during fertilization of echinoderm eggs. Semin. Cell
Dev. Biol. 12, 45–51.
Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Apoptosis: a basic
biological phenomenon with wide-ranging implications in tissue
kinetics. Br. J. Cancer 26, 239–257.
luck, R., Bossy-Wetzel, E., Green, D., and Newmeyer, D. (1997a).
The release of cytochrome c from mitochondria: a primary site
for Bcl-2 regulation of apoptosis. Science 275, 1132–1136.
Kluck, R., Martin, S., Hoffman, B., Zhou, J., Green, D., and
Newmeyer, D. (1997b). Cytochrome c activation of CPP32-like
proteolysis plays a critical role in a Xenopus cell-free apoptosis
system. EMBO J. 16, 4639–4649.
Kornbluth, S. (1997). Apoptosis in Xenopus egg extracts. Methods
Enzymol. 283, 600–614.
Kulms, D., and Schwarz, T. (2000). Molecular mechanisms of
UV-induced apoptosis. Photodermatol. Photoimmunol. Pho-
tomed. 16, 195–201.
Mailhes, J. B., Young, D., and London, S. N. (1998). Postovulatory
ageing of mouse oocytes in vivo and premature centromere
separation and aneuploidy. Biol. Reprod. 58, 1206–1210.
Matova, N., and Cooley, L. (2001). Comparative aspects of animal
oogenesis. Dev. Biol. 231, 291–320.
Meier, P., Finch, A., and Evan, G. (2000). Apoptosis in develop-
ment. Nature 407, 796–801.
Meijer, L., and Guerrier, P. (1984). Maturation and fertilization in
starfish oocytes. Int. Rev. Cytol. 86, 129–195.
Morita, Y., Perez, G. I., Maravei, D. V., Tilly, K. I., and Tilly, J. L.
(1999). Targeted expression of Bcl-2 in mouse oocytes inhibits
ovarian follicle atresia and prevents spontaneous and
chemotherapy-induced oocyte apoptosis in vitro. Mol. Endocri-
nol. 13, 841–850.
Morita, Y., Perez, G. I., Paris, F., Miranda, S. R., Ehleiter, D.,
Haimovitz-Friedman, A., Fuks, Z., Xie, Z., Reed, J. C., Schuch-
man, E. H., Kolesnick, R. N., and Tilly, J. L. (2000). Oocyte
apoptosis is suppressed by disruption of the acid sphingomyeli-
nase gene or by sphingosine-1-phosphate therapy. Nat. Med. 6,
1109–1114.
Copyright © 2001 by Academic Press. All rightMorita, Y., and Tilly, J. L. (1999). Oocyte apoptosis: Like sand
through an hourglass. Dev. Biol. 213, 1–17.
Newmeyer, D. D., Farschon, D. M., and Reed, J. C. (1994). Cell-free
apoptosis in Xenopus egg extracts: Inhibition by Bcl-2 and
requirement for an organelle fraction enriched in mitochondria.
Cell 79, 353–364.
O’Neill, G. T., and Kaufman, M. H. (1988). Influence of postovula-
tory aging on chromosome segregation during the second meiotic
division in mouse oocytes: A parthenogenetic analysis. J. Exp.
Zool. 248, 125–131.
Perez, G. I., Robles, R., Knudson, C. M., Flaws, J. A., Korsmeyer,
S. J., and Tilly, J. L. (1999a). Prolongation of ovarian lifespan into
advanced chronological age by Bax-deficiency. Nat. Genet. 21,
200–203.
Perez, G. I., Tao, X. J., and Tilly, J. L. (1999b). Fragmentation and
death (a.k.a. apoptosis) of ovulated oocytes. Mol. Hum. Reprod.
5, 414–420.
Perez, G. I., and Tilly, J. L. (1997). Cumulus cells are required for
the increased apoptotic potential in oocytes of aged mice. Hum.
Reprod. 12, 2781–2783.
Perez, G. I., Trobovich, A. M., Gosden, R. G., and Tilly, J. L. (2000).
Mitochondria and the death of oocytes. Nature 403, 500–501.
Picard, A., and Doree, M. (1983). Hormone induced parthenogenic
activation of mature starfish oocytes. Exp. Cell Res. 145, 315–
323.
Picard, A., Galas, S., Peaucellier, G., and Doree, M. (1996). Newly
assembled cyclin B-cdc2 kinase is required to suppress DNA
replication between meiosis I and meiosis II in starfish oocytes.
EMBO J. 15, 3590–3598.
Ratts, V. S., Flaws, J. A., Kolp, R., Sorenson, C. M., and Tilly, J. L.
(1995). Ablation of bcl-2 gene expression decreases the numbers
of oocytes and primordial follicles established in the post-natal
female mouse gonad. Endocrinology 136, 3665–3668.
Robertson, J. D., Orrenius, S., and Zhivotovsky, B. (2000). Review:
Nuclear events in apoptosis. J. Struct. Biol. 129, 346–358.
Sadler, K. C., and Ruderman, J. V. (1998). Components of the
signaling pathway linking the 1-methyladenine receptor to MPF
activation and maturation in starfish oocytes. Dev. Biol. 197,
25–38.
Simpson, J. (1978). Genetic consequences of aging sperm or aging
ova: animal studies and relevance to humans. In “Risks, Benefits,
and Controversies in Fertility Control” (J. Sciarra, G. Zatuchni,
and J. Speidel, Eds.), pp. 506–519. Harper & Row, Hagerstown,
MD.
Smith, J. J., Evans, E. K., Murakami, M., Moyer, M. B., Moseley,
M. A., Woude, G. V., and Kornbluth, S. (2000). Wee1-regulated
apoptosis mediated by the Crk adaptor protein in Xenopus egg
extracts. J. Cell Biol. 151, 1391–1400.
Sperandio, S., de Belle, I., and Bredesen, D. E. (2000). An alternative,
nonapoptotic form of programmed cell death. Proc. Natl. Acad.
Sci. USA 97, 14376–14381.
Stack, J. H., and Newport, J. W. (1997). Developmentally regulated
activation of apoptosis early in Xenopus gastrulation results in
cyclin A degradation during interphase of the cell cycle. Devel-
opment 124, 3185–3195.
Stricker, S. A. (1999). Comparative biology of calcium signaling
during fertilization and egg activation in animals. Dev. Biol. 211,
157–176.
Tachibana, K., Takumitsu, M., Nomura, Y., and Kishimoto, T.
(1997). MAP kinase links the fertilization signal transduction
pathway to the G1/S-phase transition in starfish eggs. EMBO J.
16, 4333–4339.
s of reproduction in any form reserved.
WW
44 Yu˝ce and SadlerTakahashi, T., Saito, H., Hiroi, M., Doi, K., and Takahashi, E.
(2000). Effects of aging on inositol 1,4,5-triphosphate-induced
Ca21 release in unfertilized mouse oocytes. Mol. Reprod. Dev. 55,
299–306.
Tarin, J. J., Perez-Albala, S., Aguilar, A., Minarro, J., Hermenegildo,
C., and Cano, A. (1999). Long-term effects of postovulatory aging
of mouse oocytes on offspring: A two-generational study. Biol.
Reprod. 61, 1347–1355.
Tarin, J. J., Perez-Albala, S., and Cano, A. (2000). Consequences on
offspring of abnormal function in ageing gametes. Hum. Reprod.
Update 6, 532–549.
Tarin, J. J., Ten, J., Vendrell, F. J., and Cano, A. (1998). Dithiothre-
itol prevents age-associated decrease in oocyte/conceptus viabil-
ity in vitro. Hum. Reprod. 13, 381–386.
Thress, K., Evans, E. K., and Kornbluth, S. (1999). Reaper-induced
dissociation of a Scythe-sequestered cytochrome c-releasing ac-
tivity. EMBO J. 18, 5486–5493.
Thress, K., Henzel, W., Shillinglaw, W., and Kornbluth, S. (1998).
Scythe: A novel reaper-binding apoptotic regulator. EMBO J. 17,
6135–6143.
Tilly, J. L. (1996). Apoptosis and ovarian function. Rev. Reprod. 1,
162–172.
Copyright © 2001 by Academic Press. All rightTilly, J. L., Kowalski, K. I., Johnson, A. L., and Hsueh, A. J. (1991).
Involvement of apoptosis in ovarian follicular atresia and pos-
tovulatory regression. Endocrinology 129, 2799–2801.
Van Blerkom, J., and Davis, P. W. (1998). DNA strand breaks and
phosphatidylserine redistribution in newly ovulated and cul-
tured mouse and human oocytes: Occurrence and relationship to
apoptosis. Hum. Reprod. 13, 1317–1324.
von Ahsen, O., and Newmeyer, D. D. (2000). Cell-free apoptosis in
Xenopus laevis egg extracts. Methods Enzymol. 322, 183–198.
ilcox, A., Weinberg, C., and Baird, D. (1995). Timing of sexual
intercourse in relation to ovulation–effects on the probability of
conception, survival of the pregnancy, and sex of the baby.
N. Engl. J. Med. 333, 1517–1521.
orld Health Organization. (1983). A prospective multicentre trial
of the ovulation method of natural family planning. III. Charac-
teristics of the menstrual cycle and of the fertile phase. Fertil.
Steril. 40, 773–778.
Received for publication April 3, 2001
Revised June 4, 2001
Accepted June 11, 2001
Published online July 30, 2001
s of reproduction in any form reserved.
